Introduction
Nowadays, data transitions, which have been realized via electrical metallic wires, are gradually substituted by optical multimode waveguides connections for Short Reach (SR, up to 300 m), Extra Short Reach (ESR, up to 5 cm) and also Ultra Short Reach distance (USR, up to even 1 cm). The main advantage of the optical connections is that they are not susceptible to any radio-frequency interference or any cross-talks influences [1] .
Last but not least, a significant advantage of the optical connections is a possibility of using polymer materials for many of the construction elements in the optical waveguide circuits or photonics structures including bend waveguides, what means simple, environmentally friendly as well as low cost technological solutions [2] .
Optical bend waveguides are essential parts of basic blocks of integrated optics and photonics devices, whose importance sustainably grows with an increasing degree of integration in the frame of high-density photonics circuits.
Such basic building blocks have been developed for a couple of years and are also well characterized which concerns their utilization in the single-mode regime [3] [4] [5] . In the literature several types of optical bend waveguides have been already presented:
 bend waveguides described by D. Israel [6] and S. Musa [7] ; this will be in more details mentioned later,  single-mode polymer SU-8 2000 waveguide [8] , with thickness around 1.7 µm and having different core widths (1.2, 1.6, 2.0, 2.4 and 2.8 µm) and bending radius (300, 200, 150, 100, 75, 50 and 25 µm),  multimode bend optical waveguides based on silicon rib structures (height of 28 μm and width 25 μm); these S-bend structures have the radius ranging from 2 to 20 mm and the bend offset 0.5 mm [9] ,  fully embedded and air-exposed curved waveguides with a 50 µm × 50 μm cross section having 10 mm bending radius limit [10] ,  90° bend and S-bend siloxane OE-4140 (core) and OE-414 (cladding) multimode waveguides having typical dimensions 50 µm × 50 µm [11] ,  multimode bend waveguides with dimensions 50 µm × 50 µm, 75 µm × 50 µm and 100 µm × 50 µm (wide × high) made of acrylate polymer Truemode TM from Exxelis Limited deposited on FR4 wafer intended for wavelength of 850 nm and the refractive index of the core was n core = 1.5560 and that of the cladding was n clad = 1.5264 [12] ,  polymer multimode waveguide splitter having input waveguide core width 100 µm and ended by S-bend waveguide with different core widths (20, 40 , 60 and 80 µm); detailed study was presented in [13] .
Up to now only one paper has dealt with planar multimode bends having large core waveguide [14] . The authors presented the properties of the bend waveguides with dimensions 600 μm × 600 µm having bending radii 15, 20, 30 or 40 mm. The cores of them were made of SU8 2005 photoresist epoxy resin polymer and the claddings were made of poly(methyl methacrylate) PMMA. The authors measured the properties of the bends at three wavelengths (850, 1310, and 1550 nm) and their lowest bending loss for the 15 mm bending radius was 6 dB⁄cm.
Papers on large core optical splitters [15] [16] [17] and wavelength division multiplexing module with thin film filters [18] prove that it is in principle possible to make multimode optical planar waveguides structures using large core waveguides that would have a good application potential. The main advantage of them, i.e. large core size that ease their installation, together with a low cost, has been already capitalized in automobile networks. There, they enable using simple plug connectors, which do not require sophisticated knowledge or any special equipment and technically skilled workers, in spite of the case of using single-mode optical waveguides or standard multimode waveguides having the core width 50 µm or 62.5 µm.
However, there is still a gap in our knowledge on such solution, and it concerns a combination of large core waveguides and extend of their curvature (bending) and how it may influence their waveguiding properties, especially what concerns their total bend losses.
In this paper we are going to focus on large core planar bend waveguides, whose dimensions are optimized for large core Plastic Optical Fiber (POF) type SH 3001 (MITSUBISHI RAYON CO., LTD ESKA OPTICAL FIBER DIVISION). The core layer of the fiber is made from polymethyl-methacrylate resin with diameter of the core 735 µm and refractive index n f = 1.49 (λ = 650 nm) and cladding layer is made from fluorinated polymer with cladding diameter 750 µm, and numerical aperture (NA) is 0.5. We have already shown that Norland Optical Adhesives (NOA) UV glues had suitable properties for using as the waveguide core materials as it had low optical losses in the spectral region from visible to infrared [19] and was why our bends have the core waveguides made from UV photopolymer NOA and the substrate and cover layers are made from PMMA. Bending radius is from 1 to 30 mm.
The design of the bend waveguides was done exactly for assembling to the POFs (plastic optical fibers), i.e., to operate at the wavelength of 650 nm (red light). We found it interesting to supplement also the calculation and simulation for 532 and 850 nm (even though, at the moment, optical communication via POF waveguides do not even consider other but using that 650 nm).
Modeling of Multimode Bend Waveguides
The cross section of the multimode rectangular waveguides used for the bend is shown in Fig. 1(a) and cross section of the pertinent bend waveguide is shown in Fig. 1(b) . The core waveguiding layer is made from UV NOA photopolymer with refractive index n f and this layer is completely surrounded by cladding formed by PMMA polymer with refractive index n c . Because the substrate and cover layer are made from the same material and, of course, have the same refractive indices, this will be a symmetrical optical waveguide. The design of the bend waveguide was made for the following radii R: 30, 20, 10, 6, 5, 4, 3, 2 and 1 mm. The width w f and the height h f of the waveguides were the same (750 μm) and the structure was designed for three wavelengths: 532, 650 and 850 nm.
Before practical realization of the bend waveguides we calculated their properties by the analysis published by D. Israel [6] and S. Musa [7] The authors derived analytically the expression for transmission T of the 2D uniform distribution through the bend as a function of radii R (1):
where P in is the input optical power, P out is the output optical power from the bend waveguide and K is the constant defined by the relationship (2):
where w f is the width of the waveguide core, R is the radius of the bend curvature and NA is the numerical aperture given by (3):
where n f and n c are the refractive indices of the waveguide core layer and cladding layer, respectively. The relation (1) shows the agreement with the results of two-dimensional and three-dimensional ray-tracing modeling performed on bent waveguides with different bend radii [7] , but equation (1) is valid only when K < 0.5 [6] .
Transmission optical losses TL of the bend waveguide are then given by (4):
Total losses T LOS of the bend waveguide are given by (5)
The sum of the input and output coupling losses L c can be calculated by (6) 
where R L means Fresnel reflection losses on two interfaces and it can be expressed by (7):
where n 1 is refractive index of the fiber core layer (in our case n 1 = 1.49) and n f is the refractive index of the bend core waveguide.
The cross-section mismatch loss A L , caused by a coupling of a circular fiber to a rectangular waveguide between the input fiber and the bend waveguide, is given by the following equation (8):
where c is the radius of the POF core (in our case 369 µm) and w f and h f are the width and height of the bend waveguide (in our case w f = h f , and it is 750 µm). Numerical aperture mismatch loss NA L is the loss given by the difference in the NA values arising between the optical waveguide and the fiber at the receiver side and can be calculated as follows (9) [14, 20] :
where NA 1 and NA 2 mean the values of numerical apertures of the bend and the output POF waveguides (in our case POF NA 0.5, NA values are given in Tab. 1), respectively.
L sc is the scattering loss resulting from the roughness of the waveguide end faces, which leads to scattering into a wide range of angles. This loss is minimized at the transmitter side if a well-cleaved fiber is butt coupled inside the waveguide channel and it is more significant at the receiver side where the light is coupled from the waveguide end into the detector [14] . PR L is dominated by scattering of energy due to waveguide sidewall roughness. This can be measured by using the cut-back method.
TR L are the transition losses arising from transition between straight and bend waveguide occurring at the junction (interface) between two waveguide structures (straight and bent), which result in mismatch in the modes. Several guided rays in the first waveguide section can exceed the critical angle in the second waveguide section and then can escape outward. According to [14] , in the large core cross-section waveguides, which is our case, the number of the modes is very high, so the transition losses are expected to be bigger than the radiation losses.
RD L are the radiation losses resulting from the radiated energy in the bend part of the waveguide (see also [20] As mentioned above, equation (1) is valid only for K < 0.5, so for our case (see Tab. 1) it is possible to determine the transmission loss TL only up to R ≥ 8 mm. Calculated transmission optical losses TL (equation (4)) depending on bend radius are shown in Fig. 2 . The figure clearly shows that the optical transmission losses TL are decreasing with the increasing bend radius. It also shows that the longer wavelengths make the effect of the bending slightly more significant.
The design of the bend waveguides was refined by computer modeling done using Beam Propagation Method (BPM), which used the BeamPROP software provided by RSoft. The result of the simulation was the 2D layout bend waveguide in which a dependence of the normalized output optical power on the radius of the bending of the waveguide was further simulated. The modeling was done by 2D channel with multimode source and the total power was calculated by the used simulation.
Example of the layout done by the simulation is given in Fig. 3(a) , where the contour of the refractive index profile of the 750 μm wide bend waveguide with radius 30 mm having waveguiding NOA layer (n f = 1.555) and PMMA (n s = 1.489) cladding layer, given for the wavelength 650 nm, is shown. The results of the simulation for various radii of the bends are given in Fig. 3(b) (R = 30, 20, 10, 9, 8, 7 and 6 mm).
From Fig. 3(b) it follows that for the radii R = 10, 20 and 30 mm the higher radius the higher the optical power; for smaller R (R < 9 mm) the optical power almost does not change. It might be so because in the multimode waveguides a strong interaction occurs between the guided modes which prevents the modes to get stabilized; another reason might be that due to the low radius a part of the optical energy is emitted into the cladding. This explanation is supported by the calculation done according to Israel [6] for the constant K, as given in Tab. 1. However, it can be done only if K < 0.5 and it means that equation (1) in the case that R ≤ 7 mm cannot be used.
Experiments
For fabrication of the large core bend waveguides with radius 10, 20 and 30 mm (sample #1) we used a similar fabrication process, which has been already presented for large core 1x2Y splitter assembled with 1 mm POF waveguides [24] or 910 µm core optical fibers (FG910LEC Thorlabs Inc.) [19] . Here we made U-grooves with dimensions 750 μm × 750 μm (wide × high) needed for filling with the waveguide material into the 3 mm thick PMMA substrate. This procedure was again done by the CNC (Computer Numerical Control) NONCO Kx3 milling machine. The milling tool had 0.6 mm wide spindle, rotation speed was 1800 rpm/min and moving speed was 36 mm/min. Then, into every inputs and outputs of the made U-grooves we inserted 15 cm long pigtail plastic optical fibers (ESKA TM Premier Polyethylene-jacketed Optical Fiber Cord SH-3001 manufactured by Mitsubishi Rayon Co., Ltd.), whose faces were polished before being inserted. Next the U-groove space, between the input and output fiber waveguides, was filled with optically clear UV photopolymer NOA73 (Norland Products Inc.) that was then hardened by UV curing. Finally, the made bend waveguides were covered by PMMA sheet.
The bend waveguides having smaller radii (R = 1 to 6 mm) were realized as follows: both ends of the Ugrooves made by the CNC machine (as above) were, before filling with NOA polymer, perpendicularly fixed with polymer foils covered by the SP-3 (ELCHEMCo) separator. Such arrangement was needed to prevent spilling the NOA polymer out of the made U-grooves and made feasible removing of the foils from the grooves after the hardening. The results were smooth optical facets without a need to polish them for optical measurement. This way we made the samples of the bend waveguides, each of them contained three bend waveguides, one of them having the bend radii 1, 3 and 5 mm (sample #3) and the other one had the radii 2, 4 and 6 mm (sample #2). Figure 4 shows the photos of the made bend waveguides. Figure 4(a) gives a top view of the bend waveguides with bigger radii (R = 30, 20 and 10 mm) and middle waveguide connected to red light and Figure 4(b) shows the final bend waveguides (R = 30, 20 and 10 mm) with assembling inputs/outputs fiber and one channel connected to a laser tester FLS operating at wavelength 635 nm. Here the guiding of the red light is seen, which is transmitted through the bend waveguide (with R = 10 mm) to the output fiber waveguide.
Results
The total bend losses α were measured by a setup shown in Fig. 5 and then they were calculated from (10) . The bend losses A modified with regard to the lengths of the bend waveguides were then calculated from (11):
The total bend losses α and the bend losses A are the measured values of the optical losses, which are generally considered to be the sum of the total losses T LOS calculated from (5), where P BENDref is the output optical power coming from the laser source and passing through the reference POF fiber (see Fig. 5a ), P BENDout is the optical power measured separately for different output bend waveguides (see Fig. 5b ) and L is the length of the bend waveguides. The total bend losses α and the bend losses A modified regarding to the lengths of the bend waveguides were measured at three wavelengths: 532 nm using Nd:YVO 4 laser, 650 nm using OFLS-5 FP-650 laser and 850 nm using OFLS-6 LD-850 laser. Optical power was measured by power meter Thorlabs PM200 with silicon S151C probe.
The measurement of the total bend losses α for the bend waveguides with larger radii (30, 20 and 10 mm) started by measurement of reference optical power P BENDref using 30 cm long patch cord of optical 750 µm POF fiber. After that we measured optical power P BENDout for each bend waveguide using connection to input/output fibers.
The reference optical power P BENDref for the total bend losses α of bends with smaller radii (1-6 mm) was measured by the same way as in the previous case; however, because small dimensions of these bend waveguides did not allow for using any solid connecting, they were meas- ured directly on the optical bench with help of pigtailing with POF fibers, that were drawn as near as possible to the samples (instead of sticking to them). The light into the bend waveguides were coupled from the laser into the bend channel using the 15 cm long 750 µm wide core plastic fiber which was precisely aligned using high-precision 3-axis stages. The output light power intensity was then collected by similar POF fiber as the input fiber (as above: 15 cm long and 750 µm wide-core) and detected again by the silicon detector and Thorlabs power meter.
The results gained by the measurement of the bend waveguides are shown in Fig. 6 where Figure 6(a) shows the relations of the total bend losses α on the radius R and Figure 6 (b) shows the bend losses A that were modified regarding to the lengths of the bend waveguides.
In Fig. 6a it seems that for R = 1 to 6 mm the values of the total bend losses α oscillate around a mean value, and it hints that a certain deterioration of the waveguiding effect probably occurred there, which might be caused by a fact that the optical contact was not equally efficient for each waveguide and a substantial part of the optical energy might be emitted into the cladding. What concerns the higher radius (R >10 mm), the losses α are the highest ones probably as a consequence of the longer of lengths of the waveguides.
For bend waveguides with small radii (R < 6 mm), whose straight part is rather short, the TR L transition losses are marginal and the same is true for the propagation losses PR L. Substantial part of the losses in such strongly bend waveguides is radiation losses RD L , which results from the energy radiated into the cladding in the bent part of the waveguides.
Bigger radii of the bends (R > 10 mm) make the radiation losses RD L lower comparing with those of the less bent waveguides, and dominant part of the losses will be here propagation losses PR L . This is illustrated in Fig. 6(b) , which shows the results of the measurement of the bend losses A, which were modified according to the lengths of the waveguides. Here the relations between the losses A and the pertinent radii are clearly shown, i.e. the smaller is the radius the higher the losses are. When the radii become bigger (above 20 mm) then the losses A get decrease very slowly as the dominant effect is not its radius any more. Additional effect is the wavelength: at shorter wavelengths the losses are higher and vice versa. For higher R the effect of the wavelength is smaller, i.e., if R = 20 or 30 mm, then A is very similar for all the used wavelengths (i.e., 532, 650 and 850 nm).
Assuming for simplification that the measured values of the total bend losses α (equation (10)) are equal to the total losses T LOS (given by (5)) we can determine the sum of remaining losses P LOS , which will consist of PR L (propagation losses) + TR L (transition losses) + RD L (radiation losses); such losses cannot be me measured independently. To determine P LOS we calculated the Fresnel reflection losses R L (equation (7)) (for the refraction indices used for calculation see Tab. 1), the values of the cross-section mismatch losses A L are 1.189 dB (equation (8), where w f = h f = 750 µm, i.e., the dimensions of the channel bend waveguides, and c = 369 µm, which is the radius of the POF fiber) and calculated values of the Numerical aperture mismatch loss NA L (equation (9)), which are shown in Tab. 1. Summarizing R L + A L + N AL we get 1.94 dB for the wavelength 532 nm, 2.15 dB for 650 nm and 2.28 dB for 850 nm, respectively. Finally, we get the values of the remaining losses P LOS , which were determined by abstraction of calculated losses (sum of L sc , i.e., the scattering sample bend radius R (mm) losses resulting from the roughness of the waveguide end faces, PR L , i.e., the propagation losses, TR L , i.e., the transition losses arising from the transition between straight and bend and RD L , i.e., the radiation losses) from the experimentally measured total bend losses α. The resultant P LOS are given in Tab. 2.
Such losses decrease with longer wavelengths, the highest value 21.07 dB was found at the shortest used wavelength (532 nm) and R = 30 mm. In spite of it, the lowest optical loss 7.59 dB was found at 850 mm when R = 10 mm. At the smaller radii R < 9 mm the results might be strongly affected by emission of the radiation towards the cladding. As we have already mentioned, the total losses of the waveguides having small radii are far more sensitive towards the way how the light is coupled into the waveguide.
Conclusion
We have experimentally studied properties of the large core polymer optical bend waveguides 750 μm wide and 750 μm high with the bend radii from 30 mm to 1 mm. The study was done for possible applications in POFs assembled structures, which up to now has operated exclusively at 650 nm, however, we found interesting to utilize the possibility offered by the used experimental method and include also the consideration concerning another two wavelengths, 532 and 850 nm.
We started with modeling of thought properties by the analysis published by D. Israel [6] and S. Musa [7] and then we used beam propagation method to calculate them. The bend waveguide structures were made by CNC engraving into PMMA substrate and NOA core waveguide photopolymer was then hardened by the UV radiation. Finally, PMMA polymer was used as cover cladding.
The measurement of the total bend losses showed that the lowest losses (12.4 dB) was found with the waveguide with bend radius of 6 mm. Higher values of the losses of the waveguides with smaller radii were probably caused by emission of the optical radiation into the cladding layer (radiation losses RD L result from the radiated energy in the bent part of the waveguide). The bend waveguides with bigger radii (R > 6 mm) are more affected by the lengths of the guides,; which means that the part of the propagation losses PR L in the whole sum of the losses is bigger.
The measurement of the total bend losses A, which are modified with regard to the lengths of the bend waveguides, proved that for the radii R = 1 to 6 mm the losses for the whole bend are higher than those for larger radii R = 10, 20, 30 mm and increased above 13 dB/cm. The lowest total bend losses A for R = 30 mm are 5.63 dB/cm at 532 nm, 4.76 dB/cm at 650 nm and 4.1 dB/cm at 850 nm. Such trend of the relations is in a good agreement with the simulation done by means of BPM method and by calculation concerning the samples with higher values of R (R = 10, 20 and 30 mm).
The most similar large core bend waveguides, though smaller (600 μm × 600 µm) than our ones and designed for IR region (850, 1310 and 1550 nm), were published in [14] . The lowest value of bending loss presented by those authors occurred at the shortest wavelength of the light source (850 nm) used by them and they found the bending loss for a 15 mm bending radius as high as 6 dB⁄cm, which is around 2 dB/cm higher than in our case. Furthermore, our bend waveguides have the bigger core (750 µm), and it means that it allows for using also in the visible range of the spectra, which makes it the main achievement of our approach.
Though the intention of the presented research was not any technological solution our results proved that large core bend waveguides could be fabricated by easy fabrication procedure and can be used as the low cost optical devices for distribution of the optical signal for very short distance connection (used for example in the automotive industry). The main advantages of our approach are simple fabrication process and due to large dimensions of the device also simple manipulation allowing for installations also by any less professional staffers.
